OBJECTIVES: To critically review the learning curve, safety issues and outcome of a single surgeon while starting up minimally invasive mitral valve surgery (MIMVS).
INTRODUCTION
Minimally invasive mitral valve surgery (MIMVS) through a right mini-thoracotomy has multiple reported advantages like reduced pain, less perioperative clinical complications and shorter length of hospital stay [1, 2] . Moreover, several authors state improved cosmetic results and patient satisfaction [3] [4] [5] . These results can be accomplished with comparable short-and long-term mortality and morbidity when compared with the conventional approach [2, 5, 6] . However, MIMVS is associated with longer cardiopulmonary bypass (CPB) and aortic crossclamping times [2, 3] . This is mainly explained by the restricted working space, new instruments and camera techniques. Besides, the surgeon needs to become familiar with other cannulation and clamping techniques and also needs to approach the valve from a different angle. Despite MIMVS is routinely used in specialized high turnover centres with good and reproducible results, the technique remains hard to implement as a new approach [7] .
Attempting a new surgical procedure without understanding its learning curve may cause repeated and unnecessary errors. The term 'learning curve' is often used in the literature to describe the difficulty in mastering these techniques [8] . To our knowledge, no study has analysed a single surgeon's progress in learning this technique during the start-up in a centre without any foreknowledge. In this study, we sought to analyse the learning curve during start-up for a single surgeon performing MIMVS and to evaluate the outcome of this procedure in the long term for patients operated in the learning curve and later on. To define the learning curve, we studied CPB parameters. To evaluate complexity, we studied the rate of mitral valve repair versus mitral replacement, characteristics of the repair, incidence of complications and the conversion rates. Effectiveness of the procedure was analysed by clinical and echocardiographic parameters.
MATERIALS AND METHODS

Data collection, study population and design
We performed a descriptive, retrospective study following the guidelines for reporting mortality and morbidity after valve surgery proclaimed by the Ad Hoc Liaison Committee for Standardizing Definitions of Prosthetic Heart Valve Morbidity [9] . All data were acquired prospectively in a structured database. We used a common closing date method for all follow-up data (31 December 2011). As an internal control mechanism, all patients were additionally contacted by phone to confirm all collected data. All patients could be contacted and all data were available in the patient files. We had a 100% complete follow-up.
One hundred and thirty-eight consecutive patients with mitral valve disease who were operated by one experienced surgeon through a right mini-thoracotomy between 15 March 2004 and 31 December 2010 were included. Table 1 indicates the surgeon's experience for mitral valve surgery between 2000 and 2012. The indication was discussed by a heart team which included cardiologists, cardiac surgeons and anaesthesiologists. Exclusion criteria were defined as an atherosclerotic ascending aorta and/or arch of more than Grade 2, aortic dilatation more than 4 cm, aortic valve insufficiency more than 1/4, heavily calcified mitral annulus and diseased iliac vessels. All patients were preoperatively screened and underwent physical examination, baseline laboratory tests, electrocardiogram, transthoracic and transoesophageal echocardiography (TEE), carotid Doppler evaluation and spirometry. Followup was obtained for embolic events (stroke, transient ischaemic attack, clusters and non-cerebral embolization), endocarditis, bleeding, reintervention (open/percutaneous), echocardiographic data and NYHA class.
To evaluate complexity, all mitral valve reconstructions (MVPs) were deconstructed into different types of subtechniques. Techniques on valvular and subvalvular apparatus included leaflet resection (quadrangular of triangular), cleft closure, plication, edge-to-edge technique, shortening or transposition of the chordae, implantation of artificial chordae and shortening or reimplantation of the papillary muscle. Interventions on the annulus were defined as sliding plasty, plication, decalcification and ring annuloplasty. All techniques were counted as separate entities, and sorted as techniques on leaflet and subvalvular apparatus or as techniques on the annulus.
To evaluate the evolution in complexity and to understand evolution in indication, we decided to divide the group into different cohorts of 20 patients.
Surgical technique
All patients are installed in dorsal decubitus with slightly elevated right hemithorax. Monitoring during the operation is provided by a Swan-Ganz catheter, TEE and continuous bilateral radial artery pressure measurement. ) is positioned using TEE guidance and since 18 August 2010 also under radiographic guidance in a hybrid operation theatre. CPB is then started with moderate cooling of the patient. Right lung is deflated and the pericardium is transected at least 2 cm anterior of the phrenic nerve. The EndoClamp is inflated and myocardial protection is started. We used adenosine (0.25 mg/kg) in shot followed by single-shot modified NIH crystalloid solution (20 ml/kg). The left atrium is entered through the Waterston groove and a left atrium retractor is placed parasternally in the third or fourth IS. After evaluation of the valve, the proper surgical technique is chosen to treat the mitral valve. De-airing of the heart is performed using the aortic root sucker and the left ventricular vent. A temporary ventricular epicardial pacemaker is placed. After echocardiographic evaluation of the repair and rewarming of the patient, CPB is discontinued and all wounds are closed. Operative time, hospitalization and intensive care unit stay CPB parameters (perfusion time, aortic cross-clamp time and reperfusion time) were chosen as the most important predictors of improving surgical skills and were studied throughout the whole series of consecutive patients. Using the operation time and the consecutive order of the case, we evaluated the effect on hospitalization and intensive care unit (ICU) stay.
Statistical analysis
The learning curve was assessed using a logarithmic curve-fit regression analysis of the aortic clamp time. To compare both groups, we used a two-tailed Student's t-test for continuous data. Every variable was assessed for normality. For categorical data, the Fisher's exact test was used. Pearson's product-moment correlation coefficient was used to measure linear relationships. Mean ± standard deviation were calculated for appropriate variables.
Excel 2010 (Microsoft Corp., Redmond, WA, USA) and Graphpad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA) were used as data management and statistical software, and P-values <0.05 were deemed statistical significant.
RESULTS
Change in cardiopulmonary bypass parameters during progression in the series (n = 138) and definition of the learning curve
We studied the learning curve for mitral valve replacement (MVR) and MVP not separately since the difference in aortic clamp time was only marginal (respectively, 111 and 100 min, reflected in a coefficient of 1.1). The cross-clamp time showed a gradual decrease as the case number progressed (Fig. 1 ). This can be described by the equation y = −11.6 ln(x) + 148.4. Using the asymptote as reference, the steepness of the curve declined rapidly at Case 30. The same observations were made for perfusion time (y = −16.2 ln (x) +212.9) and reperfusion time (y = −2.73 ln(x) + 41.78).
Evaluation of evolution beyond the learning curve Figure 2a shows a gradual decrease in the number of rheumatic valves over time. Figure 2b shows a gradual decrease in the proportion of MVR and Fig. 2c marks a gradual increase of performed interventions on the leaflets for each consecutive cohort of 20 patients. Figure 2d shows the caseload per year over the complete study interval. A gradual increase in the absolute number of performed MIMVS is demonstrated. The evolution of the proportion of performed isolated mitral valve repairs using minimally invasive surgery versus conventional surgery by this surgeon is depicted in Fig. 3 .
Comparison between the early group (n = 30) and the late group (n = 108)
No significantly different preoperative demographics were observed between both groups (Table 2 ). Preoperative echocardiographic data revealed a significantly higher prevalence of pulmonary hypertension and a significant lower level of creatinine in the late group (Table 3) . Characteristics of mitral valve disease were not significantly different in both groups ( Table 2) .
The number of performed subtechniques on the leaflets was significantly higher in the late group, whereas interventions on the annulus were not. All concomitant procedures were done in the late group (n = 25) (P = 0.0022), being in order of frequency, left atrial appendage closure (n = 11), atrium septal defect closure (n = 6), left atrial ablation (n = 5) and tricuspid valve repair (n = 3). Four conversions were seen and all occurred in the late group (P = 0.5765). It concerned dissection at the level of the descending aorta with intact ascending aorta; impossibility to cross the iliac artery with the guide wire starting from the groin; dense adhesions between the pericardium and atrium with unsafe dissection of caval veins for tricuspid valve repair; bleeding in the roof of the left atrium after completion of procedure. All CPB parameters were significantly longer in the early group. Intensive care and hospital stay were comparable (Table 4) . Transfusion of plasma was significantly higher in the late group (Table 4 ).
Pearson's product-moment correlation coefficient between cross-clamp time and ICU/hospital stay (0.02 and 0.01, respectively) did not show a linear correlation during the learning curve. The same is observed for the late group (0.18 and 0.10, respectively). No significant differences were observed between the early and late groups for ICU stay and hospitalization. Postoperative complications were not different between both groups and were, respectively, for the early and late groups: wound infections (1 vs 3) , seroma of the groin (1 vs 3), reinterventions for bleeding (1 vs 2), chest drainage (2 vs 1), urinary tract infection (0 vs 5), long intubation (0 vs 1) and pneumonia (0 vs 5).
Minimal follow-up was 1 year with a mean follow-up of 1211 ± 651 days. During follow-up, only 1 patient succumbed 595 days after mitral valve repair due to suicide. Endocarditis did not occur. Early postoperative data at discharge and long-term follow-up are summarized in Table 3 . No patient suffered from stroke in the early postoperative course. Transient ischaemic attack was seen in 2 vs 3 patients and stroke was only seen in 2 patients (1 vs 1). The first stroke occurred 7 years after initial mechanical valve replacement, and the second 3 months after mitral valve repair during an episode of atrial fibrillation.
We had 4 open reinterventions (late group). One reintervention was directly related to the mitral valve repair. An Alfieri stitch tore out necessitating a mitral valve replacement. The other concerned aortic valve replacement for aortic regurgitation and a combined aortic valve and mitral valve repair for severe aortic valve regurgitation and moderate mitral valve regurgitation (after former repair). The last patient needed a hernia repair at the level of the thoracotomy. Endovascular procedures concerned a catheter ablation and a pacemaker implantation.
Mitral regurgitation (MR) before discharge and at the end of the follow-up was not significantly different between the early and late groups (P = 0.1362 and 0.6554, respectively), and the same is true for mitral stenosis (P = 0.2006 and 0.4563, respectively). MR was reduced from 3.53/4 preoperatively to 0.57/4 postoperatively in the complete group, and further discrimination is made in Table 3 for early and late groups. Subanalysis of MVPs reveals for late follow-up MR <2/4 in 97.11% (101/104; Fig. 4 ). Evolution in NYHA class is depicted in Table 3 .
DISCUSSION
The use of the term learning curve in surgery increased since the late 1980s, especially since the introduction of minimally invasive procedures [10] . The learning curve of MIMVS is influenced in many ways. First of all is the experience of the surgeon in mitral valve surgery primordial. The surgeon had a wide experience in conventional mitral valve surgery as shown by the data. Not only the surgeon, but also scrub nurses, anaesthetists and perfusionists need to cross a significant learning curve during the start-up of a new surgical technique [11] . Therefore, a dedicated team was selected to struggle the initial phase. Gradually, as the process became familiar for this team, new people were trained. To cross this interval safely, communication and explanation of every single step of the procedure is of utmost importance. Before starting the MIMVS programme, cognitive learning induced by learning books and visits of several hospitals was done. No virtual training preceded the first operation except for knotting techniques.
Operation time, here represented by CPB, was used to assess learning. This can be criticized as a weak proxy for learning and not necessarily related to proficiency [12] . Nevertheless, it is an objective measurement, easy to register and it tends to gradually decrease with the surgeon's experience [13] . According to the CPB parameters, the most difficult part of the start-up ended after 30 patients, referred to as the early group. This is our hypothesis and the definition of our learning curve. As stated, we did not correct for the type of repair/replacement during the evaluation of our CPB times. The coefficient of 1.1 with longer cross-clamp times and perfusion times for the MVR group inversed nevertheless our expectations. We expected longer CPB times for more complex repairs. The explanation lies in the density of MVR in the first 30 patients. Eleven patients (36.6%) received a new valve in this group, of which 5 in the first 10 patients. In the late group, only 23 patients (21.3%) received a valve replacement (P = 0.092).
To evaluate the differences in composition of the early and late groups, we analysed demographics and preoperative echocardiographic data. Only a significant higher number of pulmonary hypertension and a significant lower level of creatinine were seen in the late group. The aetiology of the mitral valve pathology was not significantly different over both groups. But after dividing the total group in cohorts of 20 patients (Fig. 2a) , we could see a decreasing trend in the proportion of rheumatic valve disease over time. This is explained by the selection criteria in the beginning of our experience. The first cases were selected to achieve a straightforward MVR or a simple mitral valve repair. MVR is not always easier than MVP. But in cases of severe rheumatic valve disease, MVR was our standard approach, also in open surgery. It allowed us to define the operative strategy preoperatively and to confine our attention towards the technical aspects of the procedure and not to the evaluation of the valve. This trend is also reflected in the proportion of MVP/MVR (Fig. 2b) and in the gradual increase in caseload over the years when selection criteria became less rigid (Fig. 2d) . Case selection is indeed a powerful tool to reduce preventable adverse outcomes during a learning process [14] . Besides, the framework of case selection during the learning curve is exhaustively supported by some prediction models [15, 16] . This issue can be a bottleneck for many centres because the necessary case selection is only possible with sufficient caseload. Today, we operate approximately 80 MIMVS cases a year. This enabled us to select straightforward cases in the initial phase. In addition, we could group initial cases to gain routine during the learning curve. Not only during the learning curve, but also later, caseload is related to adverse events. A caseload of 50 patients a year per surgeon seems to be advisable [17] . The standard approach for isolated mitral valve surgery in our centre is at this moment MIMVS except for patients presenting with one of the exclusion criteria (Fig. 3) . The more complex cases are now done by the experienced surgeon where more easy cases are used to train young surgeons.
CPB parameters are one way to measure the learning process and as stated, dexterity is a determining factor. Nevertheless, the complexity of the procedure contributes also substantially to the required cross-clamp time. To define the complexity of the performed MVPs, we deconstructed every intervention into different subtechniques and counted them as described above. A statistically significant difference was reached for the number of techniques performed on the valvular and the subvalvular apparatus. Moreover, we see an increase in numbers of performed valvular/subvalvular interventions over the consecutive cohorts of 20 patients (Fig. 2c) . Not only the number of subtechniques to perform mitral valve surgery is an indicator for complexity but also the presence of concomitant procedures. None were performed in the early group. Some can expect longer CPB times for the more complex MVPs and the performed concomitant procedures [16] . Nevertheless, this was not reflected in our CPB times (Fig. 1 ). All these findings argument for a growth in proficiency exceeding the 30th patient.
Procedural safety is, without doubt, the most important issue during the start-up period of a new technique. We had no peroperative mortality. In total, four conversions to sternotomy were necessary (2.9%). Nevertheless, conversion rates may not always be seen as a negative outcome and a reflection of technical failure but more as a representation of a high level of insights and good clinical judgment [18] . Our conversion rate is higher when compared with recently published large centre trials. Seeburger et al. [19] reported a conversion rate of 0.3%, Casselman et al. [20] had three conversions in 226 patients and Vollroth et al. [21] needed conversion in 1% of cases (34/3135). Interestingly, data from older studies report conversion rates between 2.4 and 2.6% [22, 23] . Conversion is therefore inherent to learning and the threshold needs to be low to avoid unnecessary risk. We did not encounter dissection of the ascending aorta, which is a catastrophic event and discourages still many surgeons [24] . In 1 patient, dissection was seen at the level of the descending aorta. Immediate conversion to conventional sternotomy with recannulation was performed to avoid further retrograde progression. Patient selection, cannula design and hybrid imaging modalities are nowadays helpful tools in the prevention of this complication. Dissection is therefore becoming more a historical issue as demonstrated by Cheng et al. [5] in a recently published metaanalysis with dissection rates of 8 of 5117 patients (0.2%). Nevertheless, retrograde flow will always imply a higher risk of retrograde dissection [25] .
Creatinine levels were higher, but stable, in the early group. Although hospital stay and intensive care stay are biased parameters, no correlation was found between CPB parameters and the required ICU and hospital stay. These observations confirm the fact that, during the learning curve, an increased cross-clamp time can remain safe with appropriate cardioprotection. The quality of the surgery may therefore not be jeopardized by the required CPB time.
Beside procedural safety, comparable clinical outcomes for minimal access surgery are at least obligatory to compete conventional surgery. Early mortality did not occur, and the occurrence of embolic events was low and occurred late in the follow-up. No difference was seen between the early and the late groups for MR after MVP, confirming the good quality of repair, even during the learning curve. The somewhat lower regression of left ventricular dilatation between both groups might be related to a higher proportion of MVR in the early group; nevertheless, the decrease in left ventricular end-diastolic volume compared with the preoperative situation is significant in both groups. Postoperative functional status of the patient improved equally in both groups (Table 3) .
There are some limitations of this study. First, this study is based on retrospective data that are acquired prospectively in a structured database. Secondly, the evaluation of the learning curve of a single surgeon is only a representation of one dexterity and therefore not applicable to all. Thirdly, the span of the data collection is long and can cause some bias (technology). Also, the experience of the surgeon and supporting services increased over the years, but this is part of the learning curve which we wished to describe. At last, we did not adjust the regression curves for baseline risks like patient comorbidities and operative factors, and used only the raw time data to define our learning curve. Nevertheless, this study demonstrates the benefit of a structured approach to safely master this new technique.
CONCLUSION
According to the literature, minimally access mitral valve surgery is safe and gives equal results when compared with conventional surgery. This is certainly true for high turnover centres. Nevertheless, how does a single surgeon need to estimate his learning curve when starting a MIMVS programme? We demonstrate that CPB parameters stabilize after 30 patients. Selection of progressively more complex cases to safely overcome the learning curve requires a sufficient caseload. The longer aortic cross-clamp time did not impact on ICU and hospital stay as long as adequate myocardial protection is provided. Long-term results during start-up are excellent and no procedural mortality was seen. We conclude that the learning curve of MIMVS can be overcome safely when sufficient caseload offers a chance to gain enough experience on selected patients in a limited timeframe.
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